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Soluble extract from the nematode Strongyloides stercoralis
induces CXCR2 dependent/IL-17 independent neutrophil
recruitment
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Nolanb, and David Abrahama,*
a Department of Microbiology and Immunology, Thomas Jefferson University, Philadelphia, PA
b

Department of Pathobiology, School of Veterinary Medicine, University of Pennsylvania,
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Abstract
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Neutrophil recruitment via CXCR2 is required for innate and adaptive protective immunity to the
larvae of Strongyloides stercoralis in mice. The goal of the present study was to determine the
mechanism of CXCR2-mediated neutrophil recruitment to S. stercoralis. Mice deficient in the
receptor for IL-17A and IL-17F, upstream mediators of CXCR2 ligand production, were infected
with S. stercoralis larvae; there was no difference in larval survival, neutrophil recruitment, or
production of CXCR2 ligands compared with wild type mice. In vivo and in vitro stimulation of
neutrophils with S. stercoralis soluble extract resulted in significant neutrophil recruitment. In
vitro assays demonstrated that the recruitment functioned through both chemokinesis and
chemotaxis, was specific for CXCR2, and was a G protein coupled response involving tyrosine
kinase and PI3K. Finally, neutrophil stimulation with S. stercoralis soluble extract induced release
of the CXCR2 ligands MIP-2 and KC from neutrophils, thereby potentially enhancing neutrophil
recruitment.
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1. Introduction
Protective immunity to Strongyloides stercoralis in mice depends on neutrophils during both
the primary and secondary immune responses [1–2]. Infective third-stage larvae of S.
stercoralis are killed in naïve mice within 5–7 days post-infection through an innate immune
response dependent on complement activation [3] and neutrophils [1]. Adaptive immunity,
induced in mice by immunization with live larvae, kills greater than 90% of larvae within 24
hours and requires CD4+ Th2 cells for IL-4 and IL-5 [4], B-1a B cells for IgM antibody [5],
complement component C3 [3], and neutrophils [1]. Neutrophils from mice deficient in
TLR4 kill the larvae of S. stercoralis in naive mice, but do not kill the worms in immunized
*
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mice. Neutrophils from mice deficient in TLR4, however, migrate to the larval
microenvironment in both naïve and immunized animals, at rates equivalent to that seen in
the wild type mice [6]. These findings show that TLR4 signaling is required for neutrophils
to kill larvae in immunized mice, but not in naïve mice, and that TLR4 is not required for
neutrophil recruitment in either innate or adaptive immunity. If neutrophil recruitment in
mice was blocked, either because of a defect in Gαi2 signaling [2] or in the expression of
CXCR2 [1], the capacity of naïve and immunized mice to kill S. stercoralis larvae was
significantly decreased. Adding neutrophils isolated from CXCR2−/− mice directly into the
larval microenvironment in recipient CXCR2−/− mice restores larval killing [1]. Therefore,
neutrophil recruitment to the parasite requires CXCR2, while larvicidal function is
independent of this receptor.
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CXCR2 is a receptor for the neutrophil chemokines MIP-2 and KC (orthologs of the human
chemokine IL-8) [7]. The cytokines IL-17A and IL-17F are potent inducers of the CXCR2
ligands MIP-2 and KC through signaling via IL-17R [8]. Bacteria, fungi, protozoa and
viruses all can induce IL-17 responses, and these are associated with increased numbers of
neutrophils associated with the pathogen and decreased pathogen burden [9–10]. IL-17R−/−
mice have increased susceptibility to the pathogens Candida albicans [9,11], Klebsiella
pneumoniae [12], Salmonella typhimurium [13], HSV-1 [14], Staphylococcus aureus [15],
Toxoplasma gondii [16] and to polymicrobial sepsis [17]. In each case the increased
susceptibility to the pathogen was associated with decreased neutrophil recruitment to the
site of infection. Both MIP-2 and KC have been associated with a variety of helminth
infections, including Litomosoides sigmodontis [18], Mesocestoides corti [19] and
Schistosoma mansoni [20], suggesting that IL-17 might be important for the recruitment of
neutrophils to the site of helminth infections.
Neutrophils can also undergo chemotaxis in response to a variety of helminth-derived
factors, thereby obviating the need for host ligand-dependent pathways [21]. Products from
the nematodes Dirofilaria immitis [22], Necator americanus [23] and Onchocerca volvulus
[24] have been shown to recruit neutrophils. Furthermore, Ascaris suum-derived products
recruit neutrophils through a IL-8 receptor pathway [25] and Brugia malayi asparaginyltransfer RNA synthetase induces chemotaxis of human neutrophils apparently through the
receptor CXCR2 [26].
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Eosinophils can also participate in protective innate immunity to S. stercoralis [1], and it has
been shown that they undergo both chemotaxis and chemokinesis to soluble parasite extract
in vitro. Treating the parasite extract with proteinase K or chitinase significantly inhibited its
ability to induce chemotaxis, thereby demonstrating that the chemoattractants were both
protein and chitin. Pretreatment of eosinophils with pertussis toxin, a G protein-coupled
receptor inhibitor, blocked migration of the eosinophils to the parasite extract. Blocking
PI3K, tyrosine kinase, p38 and p44/42 also inhibited eosinophil chemotaxis to parasite
extract as did CCR3, CXCR4 or CXCR2 antagonists. Therefore, chemoattractants derived
from S. stercoralis larvae and host derived chemokines stimulate similar receptors and
second messenger signals, to induce eosinophil chemotaxis [27].
The goal of the present study was to ascertain whether the CXCR2-dependent neutrophil
recruitment to S. stercoralis larvae requires host and/or parasite-derived chemotactic factors.
The requirement for IL-17 to stimulate production of the neutrophil chemokines MIP-2 and
KC, and thereby neutrophil chemotaxis to the parasite was evaluated in naïve and
immunized mice. Also, the ability of the parasite to directly recruit neutrophils through
CXCR2, and the mechanisms through which this occurred was assessed.
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2. Materials and Methods
2.1 Mice and Parasites
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IL-17R−/− mice on a C57BL/6 background were a gift from Amgen Corporation (Thousand
Oaks, CA). C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor,
ME). All animals were housed in filter-top microisolator boxes under pathogen-free, lightand temperature-controlled conditions in the Thomas Jefferson University animal facility.
All injections and surgical procedures were performed while mice were anesthetized with
isoflurane (Webster Veterinary, Sterling, MA).
S. stercoralis larvae were harvested from seven day old fecal-charcoal cultures from a
laboratory dog infected with the parasite according to methods previously described [28].
Larvae were washed 5 times by centrifugation using media consisting of 1 part NCTC:1 part
IMDM (Sigma-Aldrich, St. Louis, MO), with 100 U Penicillin, 100 μg Streptomycin
(Cellgro, Manassas, VA), 100 μg Gentamicin (Invitrogen, Carlsbad, CA) and 25 μg
Levaquin (Ortho-McNeil, Raritan, NJ).

NIH-PA Author Manuscript

Efficacy of the antibiotic treatment was assessed by placing antibiotic treated and untreated
larvae on blood agar plates at 37°C for 4 8 hours. The number of bacterial colonies found on
the blood agar plates was then estimated. In addition, the final wash fluid was placed in
culture for 48 hours and then assessed for bacterial growth.
2.2 Diffusion chambers
Diffusion chambers were constructed from 2.0 μm pore-size membranes (Millipore,
Bedford, MA) as previously described [1]. Briefly, 14-mm Lucite rings (Millipore) were
covered with 2.0 μm pore-size membranes (Millipore, Bedford) using cyanoacrylate
adhesive (Superglue Corp., Hollis, NY), fused together with an adhesive consisting of a 1:1
mixture of 1,2-dichloroethane (Fisher Scientific, Pittsburgh, PA) and acryloid resin (Rohm
and Haas, Philadelphia, PA), and then sterilized using 100% ethylene oxide.
2.3 Extract Preparation
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Parasite extract used in chemotactic assays was prepared using previously described
methods [29]. Briefly, frozen larvae were ground using a homogenizer with protease
inhibitor cocktail (Sigma) followed by sonication. The homogenate was incubated in PBS
overnight at 4°C, after which the soluble proteins were removed. The concentration of
extract soluble in PBS was quantified using a Micro BCA Protein Assay kit (Pierce
Biotechnology, Rockford, IL). Determination of endotoxin levels within the extract was
done using a Limulus amebocyte lysate (LAL) test (Cambrex, Charles City, IA).
2.4 Experimental infections
Diffusion chambers were filled with Hanks’ Balanced Salt Solution (HBSS), 50 larvae, 300
μg of the S. stercoralis soluble extract or 300 μl of the protease inhibitor cocktail (Sigma)
used to make the extract and implanted in naïve (uninfected and unimmunized) mice. After
24 hr the diffusion chambers were removed and cells within the diffusion chambers
analyzed as described below. Mice were immunized by subcutaneous injection of 5,000
larvae on day 0 and day 14. On day 21 post immunization diffusion chambers containing 50
larvae in medium were implanted subcutaneously in the dorsal flank of naïve or immunized
mice. Diffusion chambers were removed after 1–5 days and larval viability was determined
based on motility and morphology. The supernatant remaining in the diffusion chamber was
recovered for use in chemokine measurements and the cells were counted using a
hemocytometer. Differential cell analyses were performed after centrifugation onto slides
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using a Cytospin 3 (Shandon, Pittsburgh, PA) and staining of cells using DiffQuik (Baxter
Healthcare, Miami, FL).
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2.5 Isolation of murine neutrophils
Neutrophils used in chemotaxis experiments were isolated from the bone marrow of C57BL/
6J mice as previously described [30]. Mouse bone marrow was strained with a 70 μm cell
strainer (BD, Bedford, MA) and the cells were suspended within 45% Percoll solution at the
top of a Percoll gradient column consisting of 81, 62, 55, and 50% Percoll/HBSS. The
columns were centrifuged at 610 × g for 30 minutes. The layer containing the neutrophils
(between 81 and 62%) was then removed and red blood cells eliminated by hypotonic lysis.
If the purity of the neutrophils was less than 90% following the Percoll column step, 1μl
each of anti-B220 and anti-Thy1.2 MACS (Miltenyi Biotec, Auburn, CA) beads were added
per 1×106 total cells to bind contaminating lymphocytes. The cells were incubated with the
beads for 15 minutes at 4°C, purified using MACS LS columns (Miltenyi) and then
reanalyzed for total number and percentage of neutrophils. Purity of neutrophil populations
utilized for experiments consistently exceeded 92%.
2.6 Chemotaxis assays
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Transwell plates with 3.0 μm pore size membrane inserts (Corning, Acton, MA) were used
to determine the chemotactic response of neutrophils to various chemoattractants. The top
wells were preincubated with 50 μm of 2% fetal bovine serum (Cellgro) in HBSS (Cellgro)
for 45 minutes. After preincubation, 50 μl of a suspension containing 1×106 cells was added
to the top well. The chemoattractants used in the bottom of the wells included S. stercoralis
PBS extract with or without Polymyxin B (Sigma) pre-incubation, the positive controls
LTB4 (Sigma), MIP-2 (Peprotech Inc., Rocky Hill, NJ) and SDF-1α (Sigma) and HBSS as a
negative control. Culture wells were incubated for 90 minutes and the contents of the bottom
wells were collected and washed with PIPES buffer (Sigma). Cells that migrated into the
bottom chamber were counted using a hemocytometer.
2.7 Chemokine concentrations and inhibition
MIP-2 and KC were measured using the mouse DuoSet ELISA kits (R&D systems,
Minneapolis, MN) according to the manufacturer’s instructions. Neutrophils (1×105/well)
were preincubated in granulocyte-macrophage colony-stimulating factor (GMCSF)
(Peprotech, Rocky, Hill, NJ) for 90 minutes at 37°C in the presence of either highly purified
TLR4-specific lipopolysaccharide (LPS) from Escherichia coli K12 (InVivoGen, San
Diego, CA) at 1,10 or 100 ng/ml or S. stercoralis extract at 1,10, 100 or 1,000 μg/ml [31].
Supernatants were collected and measured for MIP-2 and KC.
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Chemotaxis assays were performed, as described above, with MIP-2 and KC added to the
bottom wells at the concentrations measured after neutrophils were directly incubated in the
S. stercoralis and at four times that concentration as a positive control. Antibodies against
MIP-2 and KC (R&D Systems, Minneapolis, MN) were added to the wells to block the
activity of the chemokines. The anti-KC antibody was used at 0.5 μg/ml for the controls and
the low concentration of the KC tested and 1.0 μg/ml of the antibody was used with the high
concentration of KC, the S. stercoralis soluble extract and when both MIP-2 and KC
antibodies were used. The anti-MIP-2 antibody was used at 8.0 μg/ml for the controls and
the low concentration of the KC tested and 16 μg/ml of the antibody was used with the high
concentration of KC, the S. stercoralis soluble extract and when both MIP-2 and KC
antibodies were used.
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2.8 Inhibition assays
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Pertussis toxin was used to inhibit all Gα protein signaling, wortmannin to inhibit signaling
via PI3K [32] and herbimycin A to block signaling through tyrosine kinase [33]. SB225002
was used to inhibit CXCR2 associated chemotaxis [34], while AMD 3100 was used to
inhibit CXCR4 [35]. Cells were incubated with pertussis toxin (1.0 μg/ml) (Calbiochem,
Inc., San Diego, CA), wortmannin (1×10−7M) (Sigma), herbimycin A (1×10−6M) (Sigma),
SB225002 (1×10−5M) (Calbiochem), or AMD 3100 (4×10−8M) (Sigma). The cells were
incubated in the tested inhibitor/antagonist for 45 minutes at 37°C prior to use in
chemotactic assays.
2.9 Statistics
All in vivo experimental results are representative data of at least two experiments, except as
noted. A minimum of 4 mice per group were included in each experiment. In vitro
chemotaxis data represents the mean of a minimum of 3 experiments. Statistical differences
were identified by a p value of ≤ 0.05 as determined by ANOVA with post hoc LSD testing
using Systat software (Systat software, Richmond, CA).

3. Results
3.1 Role of IL-17 in neutrophil recruitment to larval S. stercoralis
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Naïve and immunized IL-17R−/− mice were infected with S. stercoralis larvae within
diffusion chambers and larval survival was determined. Parasites survived in naïve C57BL/
6J and IL-17R−/− mice for 1, 3 or 5 days at equal rates. Furthermore, immunized C57BL/6J
and IL-17R−/− mice also killed challenge larvae at equivalent rates within one day post
challenge (Figure 1A). The number of neutrophils recruited into the diffusion chambers did
not differ between wild type and IL-17R−/− mice, in either naïve or immunized animals
(Figure 1B). There were similar levels of MIP-2 and KC in the diffusion chamber fluids
collected from naïve and immunized IL-17R−/− and C57BL/6J mice, indicating that
production of CXCR2 ligands occurs independently of IL-17R during S. stercoralis
infection in mice (Figure 1C). Thus, IL-17R−/− mice had intact innate and adaptive killing
responses to S. stercoralis larvae and neutrophil recruitment to the parasite
microenvironment in IL-17R−/− mice was not impaired.
3.2 Recruitment of neutrophils to larval S. stercoralis extract

NIH-PA Author Manuscript

Diffusion chambers containing culture medium, live larvae, S. stercoralis soluble extract or
the protease inhibitors, which were used to prepare the S. stercoralis soluble extract, were
implanted in naïve mice for 24 hr. Diffusion chambers containing S. stercoralis soluble
extract recruited statistically significant increased numbers of neutrophils to the interior of
the diffusion chambers as compared to diffusion chambers containing only culture medium
or live larvae. Interestingly, if the diffusion chambers contained only the protease inhibitors
neutrophil recruitment was blocked (Figure 2). These observations indicate that S.
stercoralis soluble extract is capable of recruiting neutrophils in vivo.
Chemotaxis studies were performed in vitro to study the ability of neutrophils to migrate to
the S. stercoralis soluble extract. Neutrophils migrated to S. stercoralis soluble extract in a
dose-dependent manner (Table 1). Zigmond-Hirsch checkerboard assays were performed to
distinguish between neutrophil chemotaxis and chemokinesis. Extract was added to the top
and bottom wells of transwell plates in increasing serial dilutions. Increased cell migration
to the lower wells, associated with increased extract in the lower well (going down the
columns of the checkerboard assay), indicated chemotactic migration. Increased migration
to the lower wells, associated with equivalent extract in the top and bottom wells (going
diagonally across the checkerboard assay), indicated chemokinetic migration. The results
Microbes Infect. Author manuscript; available in PMC 2012 June 1.
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indicate that neutrophils react to S. stercoralis soluble extract through both chemokinesis
and chemotaxis (Table 1).
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Neutrophil chemotaxis to S. stercoralis soluble extract may be directed to the molecules
found within the extract or it may directed towards host-derived chemoattractants induced
by the extract. To answer this question, neutrophils were incubated with S. stercoralis
soluble extract for the same duration as the chemotaxis assay and it was determined that the
neutrophils were induced to produce both MIP-2 (0.25ng/ml) and KC (0.25ng/ml).
Stimulation of neutrophils with LPS at concentrations equal to or up to 1,000 times greater
than those measured in the S. stercoralis soluble extract preparation failed to induce
significant MIP-2 or KC release from neutrophils. Antibodies that block MIP-2 and KC
were used to test whether neutrophil chemotaxis was directed towards the S. stercoralis
soluble extract or the MIP-2 and KC induced by the extract. Anti-MIP-2 antibody blocked
migration of the neutrophils to MIP-2, at the concentration of MIP-2 produced by
neutrophils incubated with the S. stercoralis soluble extract and four times that
concentration. KC, at the concentration produced by neutrophils incubated with S.
stercoralis soluble extract, did not recruit neutrophils. KC at four times that concentration
recruited neutrophils and antibody to KC blocked this neutrophil recruitment. Treatment of
the S. stercoralis soluble extract with either anti-MIP-2, anti-KC antibodies or with both
antibodies did not block recruitment of neutrophils to the parasite extract (Figure 3A). This
indicates that neutrophil recruitment was directly to the S. stercoralis soluble extract and not
to MIP-2 and KC induced by the parasite extract.
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The presence of bacteria or their products in the S. stercoralis soluble extract was evaluated
through the following experiments. S. stercoralis larvae were treated with antibiotics to
eliminate contaminating bacteria before the extract was prepared. To verify that the
antibiotics were effective, the medium used to wash the larvae after they were treated with
the antibiotic mixture was incubated for 24 hours. There was no evidence of any bacterial
growth in the liquid medium. Antibiotic treated and untreated larvae were placed on blood
agar plates for 24 hours. Few bacteria colonies were observed on plates in which antibiotictreated larvae were placed as compared to innumerable bacterial colonies on plates with
untreated larvae. Furthermore, when the S. stercoralis soluble extract was placed in
diffusion chambers and implanted in mice for 24 hr, there was no sign of bacterial growth in
the diffusion chambers. Finally, treatment of the S. stercoralis soluble extract with
polymyxin B to block LPS did not alter the neutrophil chemotactic response. Likewise,
neutrophil chemotaxis was not seen in response to LPS at the concentration of LPS found in
the S. stercoralis soluble extract as determined by LAL test (0.1ng/ml), nor at doses 10 or
100 times those levels (Figure 3B). These findings suggest that neutrophils are attracted to
products from the parasite and not to the few remaining naturally occurring bacteria.
3.3 Mechanism of neutrophil recruitment to S. stercoralis soluble extract
The role of the receptors CXCR2 and CXCR4 in neutrophil chemotaxis to S. stercoralis
soluble extract was investigated. Treatment of neutrophils with the CXCR2-specific
antagonist, SB 225002, significantly inhibited migration to S. stercoralis soluble extract and
the positive control MIP-2 (Figure 4A). Treatment with AMD 3100, a CXCR4 inhibitor,
significantly inhibited chemotaxis to the positive control SDF-1α [36], but not to S.
stercoralis soluble extracts (Figure 4B).
Host-mediated signaling through CXCR2 requires G protein-coupled signaling, especially
via Gαi2 [37]. Treatment of neutrophils with pertussis toxin, a potent inhibitor of the Gα
subunit and subsequent G protein receptor-based chemotaxis, significantly inhibited
migration of cells to the S. stercoralis soluble extract and to the positive controls LTB4 [38]
and MIP-2 (Figure 5A). Association of PI3K with the tyrosine kinase-containing protein Cbl
Microbes Infect. Author manuscript; available in PMC 2012 June 1.
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is also important for neutrophil chemotaxis in response to host ligands, and inhibition of
either tyrosine kinase or PI3K blocks chemotaxis [39]. Treatment of neutrophils with the
PI3K inhibitor wortmannin (Figure 5B) or the tyrosine kinase inhibitor herbimycin A
(Figure 5C) also caused a significant decrease in the number of neutrophils migrating to the
S. stercoralis soluble extract. These data support the hypothesis that larval extract recruits
neutrophils through pathways similar to those used by host-derived chemokines.

4. Discussion
Protective immunity to S. stercoralis depends on neutrophils in both the innate and the
adaptive immune responses. This was demonstrated in mice in which neutrophil recruitment
to the parasite microenvironment was blocked because of defects in either Gαi2 signaling
[2] or the expression of CXCR2 [1]. Neutrophils must be in proximity to the parasite to
participate in the killing process. Therefore, the first step in neutrophil-dependent protective
immunity is the recruitment of neutrophils to the parasite microenvironment. In this study
we tested two hypotheses as to the mechanism of CXCR2 dependent recruitment of
neutrophils to S. stercoralis larvae. Either neutrophils are recruited by an IL-17 dependent
pathway or recruitment depends on CXCR2 recognition of parasite associated factors.
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IL-17 is a potent upstream mediator of neutrophil chemotaxis, specifically through induction
of MIP-2 and KC production following stimulation of the IL-17R [40]. IL-17 is a major
contributor to neutrophil recruitment in inflammatory and infectious models [11–12,16]. In
the present study neutrophil recruitment to the parasite microenvironment in IL-17R−/− mice
was equivalent to wild type mice, in either naïve or immunized mice. This suggests that,
unlike many other infectious agents [11–12,16], IL-17R is not required for neutrophil
recruitment to larval S. stercoralis. Furthermore, IL-17R−/− mice had completely intact
capacities to kill S. stercoralis larvae in naïve and immunized mice. IL-17A has additional
functions aside from neutrophil recruitment, including cytokine production and induction of
nitric oxide synthase [8,41]. These alternative IL-17A functions also were not required for
innate and adaptive immunity to murine S. stercoralis infections. Protective immunity to S.
stercoralis infection is Th2 dependent [42]. The observation that IL-17R signaling was not
required for immunity to S. stercoralis in mice supports the interpretation that there is a
separate Th17 type of immune response that functions independently from Th1 and Th2
responses [43].
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The alternative hypothesis tested in this study was that neutrophils are recruited directly by
the parasite through CXCR2, without the participation of other cells or factors from the host.
S. stercoralis soluble extract was shown to attract neutrophils in vivo after implantation in
diffusion chambers in naïve mice. This observation was confirmed in vitro using ZigmondHirsch checkerboard assays which indicated that neutrophils reacted through both
chemokinesis and chemotaxis to the S. stercoralis soluble extract.
One of the confounding observations from the studies utilizing IL-17R−/− mice was the
presence of MIP-2 and KC in the fluid recovered from the diffusion chambers. Since
production of these chemokines was not induced by IL-17, we tested the hypothesis that
MIP-2 and KC were produced directly by neutrophils after exposure to the parasite extract.
Stimulation of naïve neutrophils with S. stercoralis extract induced the release of both
MIP-2 and KC. Mouse neutrophils have been reported to produce both MIP-2 and KC under
other conditions [44]. Although the S. stercoralis soluble extract did induce production of
both MIP-2 and KC, recruitment of neutrophils was not dependent on these molecules, since
blocking MIP-2 and/or KC with antibodies did not block recruitment of neutrophils to the
parasite extract. The ability of the neutrophils to amplify the response to the S. stercoralis
antigens via release of MIP-2 and KC, suggests that the larval products alone are likely
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sufficient to evoke a maximal neutrophil recruitment response without support from other
host factors.
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Efforts were made to eliminate bacteria from the larvae before the extract was prepared.
Antibiotics were carefully selected and the apparent absence of bacteria in the larval wash
fluids and in the S. stercoralis soluble extract implanted in diffusion chambers in vivo
suggest that these efforts were successful. Furthermore, treatment of the extract with
polymyxin B to block LPS did not significantly alter the neutrophil chemotactic response
and neutrophil chemotaxis was not seen in response to LPS at the concentration of LPS
found in the soluble extract nor at doses 10 or 100 times those levels. Previous studies on
immunity to S. stercoralis in C3H/HeJ mice have shown that TLR4 is not required for
recruitment of neutrophils in the innate and adaptive immune responses [6]. The observation
that TLR4 was not required for recruitment of neutrophils in naïve or immunized mice was
confirmed in studies using TLR4−/− mice (Personal Observation), thereby demonstrating
that LPS signalling was not required for neutrophil recruitment to S. stercoralis larvae in
vivo. Similarly, studies of Nippostrongylus brasiliensis infections of mice concluded that
neutrophil recruitment to lymph nodes was not impaired if bacteria were eliminated [45].
Thus, it appears that the chemoattractant in the S. stercoralis soluble extract is parasite
derived. The alternative hypothesis is that the chemoattractant is derived from antibiotic
resistant bacteria that are natural components of the parasite’s fauna. This would be similar
to neutrophil recruitment to the intracellular symbiotic bacterium Wolbachia found in filarial
worms [46]. Therefore, neutrophils are directly recruited to S. stercoralis larvae, either to the
parasite itself or to bacteria naturally residing with the worms.
Blocking CXCR2 inhibited neutrophil migration to the S. stercoralis soluble extracts,
whereas blocking CXCR4 had no effect. Likewise, CXCR2, but not CCR1 expression is
essential for neutrophil recruitment to the cornea in mice stimulated with filarial worm
extract [47] whereas B. malayi asparaginyl-transfer RNA synthetase activates both CXCR1
and CXCR2 on human neutrophils [26]. Eosinophil migration to S. stercoralis extract
utilizes multiple receptors, including both CXCR2 and CXCR4 [27]. Eosinophils and
neutrophils are both capable of killing S. stercoralis larvae in the innate immune response
[1], while the transition from innate to adaptive immunity depends on the presence of
eosinophils [42]. Eosinophils may have developed multiple receptors capable of recognizing
the parasite to guarantee the crucial transition from innate to adaptive immunity.
Alternatively, the response of neutrophils to parasite extract through CXCR2 may be highly
efficient, whereas eosinophils may require multiple receptors to accomplish the same level
of cell recruitment.
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Having demonstrated that neutrophils respond directly to S. stercoralis soluble extract
through CXCR2, the next question was whether exposure of CXCR2 on neutrophils to S.
stercoralis soluble extract resulted in the same intracellular signaling pathway observed after
CXCR2 is exposed to host ligands. Neutrophil recruitment to the parasite microenvironment
in vivo depends on Gαi2 [2]. The role of Gα proteins in chemotaxis to S. stercoralis soluble
extracts in vitro was confirmed by inhibiting neutrophil chemotaxis with pertussis toxin.
Treatment of the parasite extract with pertussis toxin also inhibited migration of eosinophils
[27]. G protein-dependent chemotaxis of neutrophils has also been reported for A. suumderived products [25] and B. malayi asparaginyl-transfer RNA synthetase [26].
PI3K signaling is important for neutrophil chemotaxis to TNFα, G-CSF, and GM-CSF [48]
and affects colocalization of Akt and F-actin during neutrophil morphological responses to
stimuli [49]. During CXCR2 signaling in response to the human neutrophil chemotactic
factor IL-8, PI3K associates with the tyrosine kinase containing protein Cbl, and inhibition
of either tyrosine kinases or PI3K blocks chemotaxis [39]. The observation that neutrophil
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chemotaxis, in response to S. stercoralis soluble extract, is inhibited by the PI3K inhibitor
wortmannin as well as the tyrosine kinase inhibitor herbimycin A strongly suggests that the
parasite extract stimulates neutrophils through similar pathways to those used by hostderived chemokines. Similarly, blocking PI3K, tyrosine kinase, p38 and p44/42 also
inhibited eosinophil chemotaxis to parasite extract [27].
Products from many parasites attract neutrophils [21] while other parasite derived products
inhibit neutrophil recruitment [50]. It has been hypothesized that tissue migrating larvae
secrete compounds that promote inflammation, and in particular neutrophil-related edema,
to increase tissue permeability thus favoring faster and more successful migration through
host tissues [23]. Although it has been demonstrated that neutrophils are effective killers of
S. stercoralis larvae [1] the parasite may still recruit these cells as an immune evasion
mechanism. The parasite may recruit neutrophils to permeabilize the tissue and thereby
facilitate active migration of the larvae away from the site of inflammation and the lethal
effects associated with neutrophils.
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In conclusion, CXCR2 dependent recruitment of neutrophils to larvae of S. stercoralis
occurs independently of IL-17R. S. stercoralis soluble extract is capable of directly
recruiting neutrophils through CXCR2, using signaling pathways similar to those used by
host chemokines. In addition, the extract also induced neutrophils to release MIP-2 and KC,
which could further enhance the recruitment of neutrophils. The finding that neutrophils
produce increased amounts of neutrophil-recruiting chemokines following exposure to S.
stercoralis soluble extract suggests an efficiently orchestrated system whereby a primary
stimulus from a parasite causes an autocrine amplification of cell recruitment through
release of host-derived chemokines. The efficiency of this recruitment mechanism is further
highlighted by the observation that the CXCR2 receptor has the ability to respond to both
parasite- and host-derived factors resulting in highly efficient neutrophil recruitment and
thus control of infection with S. stercoralis.
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Figure 1. IL-17R−/− and wild type mice have equivalent ability to recruit neutrophils and kill
larvae
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(A) Naïve and immunized C57BL/6J and IL-17−/− mice were challenged with 50 larvae in
diffusion chambers and the surviving larvae were determined at 1, 3, or 5 days post
challenge. (B) Diffusion chamber fluid contents were collected and the number of
neutrophils (PMN) recruited to the diffusion chambers was assessed. (C) Levels of the
neutrophil chemotactic factors KC and MIP-2 were measured in the recovered diffusion
chamber fluid using ELISA. Data is presented as mean ± standard deviation and data is
representative of two experiments with ≥5 mice per group.
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Figure 2. Neutrophils are recruited to S. stercoralis soluble extract in vivo
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Diffusion chambers were filled with Hanks’ Balanced Salt Solution (HBSS), 50 larvae, 300
μg of the S. stercoralis soluble extract (Ss Extract) or 300 μl of the protease inhibitor
cocktail used to make the extract and implanted in naïve mice. After 1 day the diffusion
chambers were removed and total cells and neutrophils (PMN) within the diffusion
chambers analyzed. Data is presented as mean ± standard deviation and data is from one
experiment with 5 mice per group.
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Figure 3. Neutrophils are recruited to S. stercoralis soluble extract in vitro and not to the
chemokines MIP-2 and KC released by the neutrophils after culture with the S. stercoralis
soluble extract and not to contaminating LPS

(A) Chemotaxis assays were performed with MIP-2 and KC added to the bottom wells at the
concentrations of 0.25 and 1.0 ng/ml. Antibodies against MIP-2 and KC were added to the
wells to block the activity of the chemokines and to test if the antibodies would block the
migration of the neutrophils (PMN) to the S. stercoralis soluble extract (Ss Extract). An
asterisk indicates a statistically significant decrease (p<0.05) in the number of neutrophils
recruited after treatment with antibody. (B) Neutrophil chemotaxis analyses were performed
using transwell migration assays to 1, 10 or 100 ng/ml of LPS or S. stercoralis soluble
extract (SsExtract) in HBSS with or without polymyxin B pretreatment to block LPS in the
bottom well. All doses of LPS gave equivalent results and the response to100 ng/ml is
reported. An asterisk indicates a statistically significant difference (p<0.05) compared to
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migration of cells to the control HBSS. The data presented is the mean ± standard error of
five independent experiments.
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Figure 4. Neutrophil chemotaxis to S. stercoralis soluble extract is mediated by CXCR2 and not
CXCR4

Neutrophils (PMN) were treated with the CXCR2 inhibitor SB 225002 (1×10−5M) (A) or
the CXCR4 inhibitor AMD 3100 (4×10−8M) (B) and examined for ability to migrate
towards SDF-1α (1 nM), MIP-2 (100ng/ml), and S. stercoralis soluble extract (Ss Extract 1mg/ml). The data presented is the mean ± standard error of five independent experiments.
An asterisk indicates a statistically significant difference (p<0.05) compared to migration of
cells to the control HBSS.
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Figure 5. Neutrophil migration towards S. stercoralis soluble extract is mediated by G protein
coupled receptor, PI3K, and tyrosine kinases

Neutrophils (PMN) were pre-treated with varying concentrations of A) Pertussis toxin, a G
protein coupled receptor inhibitor (1μg/ml); B) wortmannin, a PI3K inhibitor (1×10−7M); or
C.) herbimycin A, a tyrosine kinase inhibitor (1×10−6M). Chemotaxis toward LTB4 (1 nM),
MIP-2 (100 ng/ml), and S. stercoralis soluble extract (Ss Extract) (1mg/ml) was measured.
The data presented is the mean ± standard error of a minimum of three independent
experiments. An asterisk indicates a statistically significant difference (p<0.05) compared to
migration of cells to the control HBSS.
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1 ± 0.2

0.5

1

19 ± 5

13 ± 1
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3 ± 0.6

Extract in top wells (mg/ml)

Neutrophil chemotaxis and chemokinesis to S. stercoralis soluble extract.
Zigmond-Hirsch checkerboard chemotaxis assays were performed to determine whether neutrophil movement in response to S. stercoralis soluble extract
was due to chemokinesis or chemotaxis. S. stercoralis soluble extract was added to the top and bottom wells of transwell plates in increasing serial
dilutions. Increases in migration of cells to the lower wells with associated increases in extract concentration in the lower well (going down the columns
of the checkerboard assay) indicated chemotactic migration. Increases in cell migration to the lower wells with equivalent extract concentration in the top
and bottom wells (going diagonally across the checkerboard assay) indicated chemokinetic migration (bold). Numbers presented are mean fold increase in
neutrophil migration compared to control in which 3250±750 cells migrated. The data displayed is the mean ± standard error of the mean for 5
independent experiments.
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